Abstract Fibrosis is a key process leading to the endstage organ scarring with loss of functions in a number of human diseases, contributes to about 45 % of deaths in the industrialized world. TGF-b signaling is one of the most important pathways for fibrogenesis in the diseased tissues. Increasing evidence shows that Smad3 is an important mediator of TGF-b/Smad signaling which enhances fibrosis by directly regulating the microRNAs (miRNAs) at transcriptional level. Recent studies clearly show an important role of miRNAs in the pathogenesis of tissue fibrosis in response to TGF-b. It has been reported that Smad3 can regulate a number of TGF-b-dependent miRNAs including miR-21, miR-29, miR-200, miR-192, and miR-433 during tissue fibrosis. Targeting these miRNAs have shown to effectively inhibit fibrosis in the heart, liver, lung, and kidney diseases. A better understanding of the underlying mechanism will provide valuable information for the development of effective therapy for fibrotic diseases.
Introduction
Tissue fibrosis is one of the major causes of organ dysfunction at the end stage of a number of human diseases including idiopathic pulmonary fibrosis (IPF), cirrhosis, cardiovascular disease, chronic kidney disease (CKD), systemic sclerosis, and other fibrotic disorders, contributing to about 45 % of the deaths in the industrialized world [1] . Damage to tissues can initiate the repair process which is beneficial including two major phases: (1) regenerative phase, where injured cells are replaced by new cells of the same type without traceable damage and (2) fibrosis phase, where connective tissues replace the normal parenchymal tissue. However, an inappropriate repair process can be pathogenic. Substantial deposition of extracellular matrix (ECM) components results in permanent fibrotic scar after chronic inflammation and tissue repair [2] . Fibrosis initiates when myofibroblasts synthesize the new collagen is much faster than the rate that it is degraded at the site of the damaged tissue. This process is regulated by a number of metalloproteinases (MMPs) and their inhibitors including the tissue inhibitors of metalloproteinases (TIMPs). Uncontrolled shifts in synthesis versus catabolism of the ECM regulate the equilibrium of collagen within the diseased tissues will lead to fibrogenesis [3] . Fibrosis is the consequence of chronic inflammatory reactions triggered by a variety of factors including tissue injury, allergic responses, persistent infections, chemical insults, autoimmune reactions, radiation, and so on [4] . The signatures of fibrosis including excess accumulation of ECM components, collagens, glycoproteins, as well as myofibroblasts and inflammatory cells within the affected tissues. The aggressive replacement of functional tissues by deposition of ECM leads to the dysfunction and failure of an organ. For example, renal fibrosis is commonly found in CKD during the development of end-stage renal failure, and cardiac fibrosis is identified during hypertensive cardiac remodeling [5] .
Increasing evidence shows that transforming growth factor-b1 (TGF-b1) is an important mediator for fibrogenesis, where TGF-b1/Smad3 signaling is suggested to be the main pathway leading to tissue fibrosis in a number of diseases including bleomycin-induced pulmonary fibrosis [6] , Angiotensin II (Ang II)-induced hypertensive heart disease [7] , carbon tetrachloride (CCl4)-induced hepatic fibrosis [8] , unilateral vocal fold injury [9] , unilateral ureteral obstructive nephropathy (UUO) [10] , and immunologically induced anti-glomerular basement membranous glomerulonephritis (anti-GBM GN) [11] . In the TGF-b/ Smad signaling pathway, TGF-b binds to TbRII and stimulates the TbRI-kinase to phosphorylate Smad proteins. The activated Smad2 and Smad3 assemble with Smad4 in the cytosol, and then the complex translocates into the nucleus and regulates the transcription of target genes including their inhibitory feedback protein Smad7. The expressed Smad7 blocks the Smads activation by triggering the degradations of TbRI and Smad proteins which giving out a negative feedback to suppress the TGFb/Smad signaling [12, 13] . Recently, a number of miRNAs (e.g., miR-21, miR-29, miR-192, miR-200, and miR-433) are demonstrated to be the important regulators of Smad3-mediated TGF-b/Smad signaling during fibrosis [14] [15] [16] [17] [18] . As the importance of both miRNA and Smad proteins on TGFb/Smad signaling for fibrogenesis has been recognized, this review will summarize the latest research progresses of miRNAs on the Smad-dependent tissue fibrosis.
Mechanism of miRNA-mediated Gene Regulation
The miRNAs are endogenous, non-coding, and contain only approximately 22 nucleotides; they are well conserved in eukaryotic organisms and can regulate translational repressions by binding to the 3 0 untranslated region (3 0 UTR) of its target mRNA in an imperfect complementary manner [19] . Furthermore, miRNAs are predicted to regulate approximately 30 % of protein-coding genes and participate in the post-transcriptional regulation in mammals. In brief, miRNA is transcribed to be a long stem-loop primary miRNA (Pri-miRNA) and cleaved to be a doublestranded shorter miRNA precursor (Pre-miR) in the nucleus, the Pre-miR is then exported to the cytoplasm and further cleaved to be the 20-22 base pairs double-stranded RNAs (mature from) by the RNase III enzyme Dicer. The mature miRNA is unwound and the functional strand is loaded onto the RNA-induced silencing complex (RISC) which guides the complex to bind onto the 3 0 UTR of its target mRNA. The miRNA-mRNA complex will lead to mRNA cleavage, translational regulation, as well as transcriptional regulation [20] . The importance of miRNAs has been demonstrated on a number of biological processes including differentiation, development, cell proliferation, immunity, carcinogenesis, glucose homeostasis, as well as fibrosis [21] . The high plasticity of miRNAs facilitates their involvements in the pathogenesis of a number of diseases including tissue fibrosis [16] .
Role of miRNAs in TGF-b/Smad-mediated Tissue Fibrosis miR-21 miR-21 is one of the well study miRNAs in the fibrotic diseases, it is upregulated in a number of disease models including dystrophic muscle [22] , thioacetamide-induced hepatic fibrosis [23, 24] , bleomycin-induced pulmonary fibrosis (IPF) [25, 26] , and renal fibrosis in the unilateral ureteral obstruction (UUO) model [27, 28] . The miR-21-mediated fibrosis is suggested to be Smad-dependent, as the renal fibrosis was prevented in Smad3-deficient mice during UUO induction where miR-21 expression is upregulated [27] . TGF-b stimulation can establish the formation of a microprocessor complex containing Smad3 that triggers the transcription of miR-21, which has been reported on the UUO and liver fibrosis models [24, 27] . The mechanism of Smad3-mediated miR-21 overexpression is further intensified by the discovery of several putative binding sites for Smad3 at the promoter region of miR-21 in a liver fibrosis model [24] . The elevated miR-21 acts as a profibrogenic enhancer by repressing the inhibitory effects of Smad-7 on the TGF-b signaling pathway during liver fibrosis, as well as diabetic nephropathy [24, 29] , it is because miR-21 can directly binds to the 3 0 UTR of Smad7 mRNA in the affected tissue which was confirmed by Abraham's group where high level of miR-21 was found in the lung of mice with bleomycin-induced fibrosis and patients with IPF [26, 30] . Therefore, TGF-b activates Smad3 which directly triggers the transcription of miR-21, and then the evoked miR-21 affects the cellular availability of Smad7 via translational inhibition as a positive feedback to prolong the TGF-b/Smad3 signaling in order to facilitate the development of fibrosis in the affected tissue. Importantly, miR-21 can enhance the phenotypes and progression of the disease: high expression level of miR-21 is positively correlated with inflammation and fibrosis biomarkers (e.g., urine albumin creatine ratio (ACR), collagen IV (ColIV), fibronectin (FN), and TIMP1), but negatively correlated with creatine clearance ratio (Ccr) and MMP-9 expression level in the kk-ay diabetic nephropathy mice [31] . The possibility of miR-21 as a therapeutic target for tissue fibrosis was demonstrated in a number of studies: inhibiting miR-21 expression by angiotensin-1-7,3,3 0 -diindolylmethane ameliorates (DIM) or baicalein significantly improved the severity of fibrosis in the animal models of diminished muscle strength, hepatic, and pulmonary fibrosis [22, [32] [33] [34] . Administration of antagomir-21 not only improved the Ccr and ACR but also decreased the synthesis of profibrotic proteins (i.e., TIMP1, ColIV, and FN) in the kk-ay diabetic nephropathy mice [31] . Nevertheless, miR-21 suppression significantly reduced the severity of pulmonary fibrosis in the experimental animals even after the lung injury had been already initiated for 5-7 days [30] . miR-29 miR-29 is another well-study miRNAs in the area of fibrosis, it is suggested to have a protective role as an antifibrotic mediator in the Smad-dependent tissue fibrosis [15] . Its expression level is significantly reduced in intestinal fibrosis [36] , renal fibrosis [28] , profibrogenic mediator stimulated hepatic stellate cells [24] , diabetic and hypertension nephropathy [37] [38] [39] , cardiac hypertrophy [40, 41 •• , 42] , and pulmonary fibrosis [43] . Indeed, the involvement of miRNAs in Smad-mediated fibrogenesis was firstly revealed in a study of cardiac remodeling by Mann's group in 2009, where miR-29a were found to be involved in the Smad3-mediated signaling in the heart disease [41 •• ]. The loss of miR-29 expression is suggested to be Smad3-dependent, because it can be prevented in the Smad3 knockout mice and Ang II-induced hypertensive nephropathy mice with Smad7 overexpression [39, 40, 41 •• , 42, 44] . As an anti-fibrotic factor, miR-29 establishes its protective effect via the suppression of TGF-b/Smad signaling by affecting the expression of TGF-b, Smad3, and connective tissue growth factor (CTGF), down-regulation of these proteins was demonstrated in the miR-29 overexpressed pulmonary fibroblasts in vivo and in vitro [43] . It is interesting that miR-29 as a downstream of Smad3 can establish suppression on its upstream TGF-b and Smad3, a possible working mechanism of this miR29b-mediated negative feedback on the TGF-b1/Smad3 signaling was discovered by Lan's group, i.e., miR-29b is able to bind the coding sequence of TGF-b1 mRNA at exon 3 which blocks the translation of TGF-b1 so that suppresses the Smad3-dependent fibrosis [45] . Furthermore, the therapeutic potential of miR-29 family on tissue fibrosis has been investigated. The importance of miR-29 on the synthesis of ECM was demonstrated by Mann's group in 2009; it was revealed that miR-29a is able to suppress the expression level of collagen gene in cardiac fibroblasts in vitro [42] , and consistent trend was observed on the collagen homeostasis in the tissue samples from the patients with liver or intestinal fibrosis [24, 36] . In addition, overexpression of miR-29b could inhibit peritoneal fibrosis in a mouse model of peritoneal dialysis by blocking the Sp1-TGF-Smad signaling [46 • ]. However, the underlying mechanism of miR-29 on fibrosis prevention is still unclear and maybe a tissue or disease-specific response. It is because overexpression of miR-29b was not able to alter the production of TIMP-1, MMP-3, and MMP-12 in the fibroblasts from patient with Crohn's disease, but exogenous overexpression of miR-29 family could block the TGF-b-mediated up-regulation of Adam12 and Adam19 in the UUO and hypertension-induced nephropathy models [36, 38] . Further investigation should be done for evaluating the potential application of miR-29 as a therapeutic target on fibrotic diseases in the clinical settings.
miR-192
The involvement of miR-192 during the development of Smad3-dependent renal fibrosis was firstly demonstrated by Lan's group, a closed association between miR-192 expression and TGF-b/Smad signaling was revealed by a microarray analysis of the fibrotic kidney from a UUO mouse model in vivo. The finding was further confirmed in vitro by the overexpression of Smad7 in NRK52E cells (a rat tubular epithelial cell line) and a rat nephrectomy model, the miR-192 expression was inhibited which lead to an improvement on the experimental-induced renal fibrosis. It is found that miR-192 can be transcriptionally downregulated by Smad3 via the direct binding of Smad3 protein on its promoter region, so the activated TGF-b/Smad signaling can suppress miR-192 expression and lead to a reduction of collagen matrix expression in order to facilitate the development of renal fibrosis [46 • ].
miR-200
The involvement of miRNAs in renal fibrosis is the most documented among other Smad-dependent fibrotic diseases. The miR-200a and miR-141 were shown to be down-regulated in the UUO-induced mice at the early phase of the disease, and the mice with early or advanced kidney diseases induced by streptozotocin or adenine [47] [48] [49] . Their involvement in TGF-b/Smad3-dependent EMT (epithelial-mesenchymal transition) and fibrosis was also demonstrated on both of the in vivo and in vitro models; where miR-200a suppressed TGF-b2 expression, Smad3 activity and matrix proteins production by inhibiting TGFb2 translation due to its direct binding on the 3 0 UTR of TGF-b2 mRNA. The miR-200a also prevented EMT of tubular epithelial cells by down-regulation of E-cadherin transcriptional repressors zinc fingers ZEB1 and ZEB2 [47] [48] [49] . Furthermore, not only TGF-b but also high glucose concentration can trigger the expression of miR-377 in diabetic milieu which contributes to the development of diabetic nephropathy, but the underlying mechanism and the potential role of Smads are still unclear [50] .
Other miRNAs
Besides renal diabetic nephropathy, the participation of miRNAs on Smad-dependent fibrogenesis has been reported on systematic fibrotic diseases. For cystic fibrosis, miR-145 and miR-494 are significantly upregulated in the nasal epithelial tissues of the patients [51] . The miR-494 is suggested to be a genetic modifier for modulating the CFTR gene expression and triggering the clinical symptoms of the cystic fibrosis, whereas miR-145 overexpression is correlated with the reduction of Smad3 mRNA level in the nasal airway and epithelial cells of cystic fibrosis patients. It is reported that miR-145 can significantly decrease the activity of Smad3 3 0 UTR-reporter, which directly silences Smad3 at the transcriptional level. Interestingly, hyper-inflammation is frequently observed at the airways of cystic fibrosis patients. As Smad3 plays an important role in the TGF-b1-mediated negative regulation of the NF-kB/IL-8 pathway, but Smad3 expression is significantly reduced in the airway during cystic fibrosis which it is suggested as a possible mechanism for the improper inflammatory and fibrosis of the airway in cystic fibrosis patients. The miR-145 is suggested as a potential therapeutic target for repairing the abnormality of TGF-b1/ Smad3 signaling in the cystic fibrosis patients [51] .
The involvement of miR-25 was reported in Smadmediated fibrogenesis by the first study about Smad-mediated miRNAs in the heart disease [41 •• ] . In addition, miR133a is one of the highly expressed miRNAs in the heart and found to be suppressed during diabetes-associated cardiac fibrosis in the streptozotocin-induced diabetic animal model by Chakrabarti's group. The reduction of miR133a was followed by an upregulated expression of major fibrotic markers including TGF-b1, CTGF, fibronectin, and COL4A1 in vivo, whereas overexpression of miR-133a prevented the phosphorylation of ERK1/2 and Smad-2 following an improvement on the cardiac fibrosis in the diabetic mice [52, 53] .
Furthermore, a marked reduction of let-7d, a miRNA belongs to let-7 family which is one of the first discovered and most studied miRNA group on cancer, is found in the tissues of IPF patients [54, 55] . Suppression of let-7d triggers EMT including the up-regulation of mesenchymal markers alpha-smooth muscle actin (ACTA2), HMGA2, N-cadherin 2, and vimentin in epithelial cell lines A549, PLE-6TN, and primary bronchial epithelial cells in vitro; and reduction of epithelial marks CDH1 and TJP1 expressions were observed in let-7d knockdown mice by intratracheal administration of let-7d antagomir. In the same study, the regulatory effect of let-7d on EMT in IPF was suggested to be dependent on TGF-b/Smad3 signaling instead of its traditional partner HMGA2 (high-mobility group AT-hook 2) on cancer. Furthermore, it is found that TGF-b signaling can down-regulate the expression of let7d at transcriptional level by promoting direct binding of Smad3 on the promoter region of let-7d [55] . In addition, loss of miR-326 expression with an associated increase of TGF-b1 was shown on the bleomycin-induced lung fibrosis mice model and human IPF lung specimens, whereas restoration of miR-326 can inhibit TGF-b1 expression and attenuate the fibrotic response by down-regulating profibrotic genes (e.g., Smad3, MMP-9) and up-regulating antifibrotic genes (e.g., Smad7) in vitro and in vivo [56] . Up-regulation of miR-150 was firstly reported in the development of non-alcoholic fatty liver disease (NAFLD), and then it has been found to be involved in the pathogenesis of liver fibrosis [57] . Its role of miR-150 in the development of liver fibrosis was demonstrated on LX-2 cells (a hepatic stellate cell line) in vitro, expression of miR-150 was reduced during liver fibrosis by TGF-b1 stimulation and overexpression of miR-150 would significantly decrease the expression of ECMs and a-SMA. However, miR-150-mediated tissue fibrosis is suggested to be mediated by TGF-b1 in the hepatic stellate cells without the involvement of Smad2 and Smad3 [58] .
Recent Barriers in the Basic Research of miRNAmediated Fibrosis
The history of miRNAs research in the Smad-mediated fibrosis was relatively short since the related discovery on a cardio disease model by Mann's group in 2009 [41 •• ], but miRNAs have been already discovered more than two decades from C. elegans by Ambros's research group [59] . Publications about the discovery and characterization of miRNAs in tissue fibrosis have been rapidly increased, which is properly enhanced by the awareness of the importance of TGF-b/Smad signaling on fibrosis in a number of human diseases. The progress can be further accelerated if the underlying mechanism for controlling the specificity of miRNAs in fibrogenesis can be identified. For example, the research progress of miRNAs in renal diseases has been limited as most of miRNAs have more than one target gene, the low specificity of miRNAs creates difficulty on identifying accurate targets for each miRNA [15, 60, 61] . Furthermore, the mechanism of miRNAmediated cellular regulation is still unclear and challenging due to the high flexibility of miRNAs, as the expression of a miRNA can be affected by multiple mediators or pathways and vice versa. These off-target effects of miRNA may cause unexpected side effects on patients if being used as a therapeutic target, which limits the development of specific miRNA therapy for fibrosis diseases [15, 62] .
Crosstalk Between Smads and miRNAs During Tissue Fibrosis
According to the available information, Smad3 has been suggested as a key mediator in TGF-b/Smad signaling, and its involvement on miRNA-mediated fibrosis has been demonstrated on a number of disease models. For example, Smad3 can down-regulate anti-fibrotic miRNA miR-200 and up-regulate profibrotic miRNA miR-192 [12, 28, 42] . Interestingly, both miR-21 and miR-29a can be regulated by Smad3 during fibrosis but in an opposite manner [24, 27, 44] , where the Smad3-induced miR-21 inhibits Smad7 expression, but the Smad3-suppressed miR-29a prevents TGF-b1 down-regulation [30, 44] . Therefore, Smad3-mediated miRNA regulation enhances the Smad3 activation and facilitating the TGF-b/Smad-mediated fibrogenesis (Fig. 1) . In contract, Smad7 can prevent TGF-b/Smadmediated fibrosis by up-regulating anti-fibrotic miRNAs miR-29, miR-29b, and miR-192 [7, 38, 47] . Nevertheless, the regulatory roles of miRNAs (Table 1) in the Smad signaling and fibrotic biomarker expression have been reported, for example: miR-155 down-regulates Smad2 in macrophages and myeloid cells [63] , miR-145, and miR200a suppress Smad3 expression and activity in healthy people without CF and renal fibrosis [46 • , 51] , the protein levels of CFTR, collagen type I and II, and ECMs, as well as induction of EMT can be down-regulated by miR-494, miR-150, and miR-200a [48, 51, 58] , whereas miR-143 can up-regulate the collagen type III synthesis in the normal gastric fibroblasts [64] . The interaction between miRNAs and epigenetic is another area need to be elucidated for a better understanding on the regulation of fibrogenesis in specific tissues, i.e., miR-29b inhibits the expression of DNMT1 which further enhances the DNA hypomethylation during the development of systemic lupus erythematosus [65] [66] [67] .
Conclusion
The importance of miRNAs and TGF-b/Smad signaling on tissue fibrosis has been recognized, and the pathogenic roles and therapeutic potential of miRNAs on fibrosis have been demonstrated on a number of animal disease models. Further elucidation on the networking and underlying mechanism of miRNAs in TGF-b/Smad signaling will provide useful information for designing a more effective strategy to overcome fibrotic diseases in the future.
